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Abstract: This paper presents a study of the influence of bimetallic layer covers of a tapered optical
fiber surrounded by a low refractive index liquid crystal on the properties of light propagation in the
taper structure. This research follows previous works on the effect of monometallic thin films (Au and
Ag). In this case, the total thicknesses of the bimetallic layers were h = 10 nm, and the participation
of gold and silver was equal. The films were deposited on one side of the tapered waist area. The
liquid crystal cells were controlled with a voltage U from 0 to 200 V, with and without amplitude
modulation at a frequency of fmod = 5 Hz. For the purposes of this research, spectral characteristics
were obtained for a wavelength λ ranging from 550 to 1200 nm. Measurements were carried out at
room temperature for three types of rubbed layers orientation—orthogonal, parallel, and twist in
relation to the fiber axis. Obtained resonant peaks were compared with the previous results regarding
the resonant wavelength, peak width, SNR, and maximum absorption. In the presented paper, the
novelty is mainly focused on the materials used and their time stability, as well as corresponding
changes in the technological parameters used.

Keywords: surface plasmon resonance; optical fiber taper sensor; liquid crystal device; bimetallic
layer; gold; silver

1. Introduction

Sensing techniques based on optical fibers have been known since 1967, when the
first Fotonic sensor was patented [1,2]. Over the years, sensors have advanced together
with improving optical fiber technology. The surface plasmon resonance effect generated
on the optical fiber elements is a relatively new sensory technique. It has been known
since 1990, when Villeuendas and Pelayo introduced an SPR sensor with a modified optical
fiber head [3]. The optical fiber probe is a modification of the traditional Kretschmann
configuration, but the role of the prism is taken over by the optical fiber core [4]. As it
is well known, direct light cannot excite the surface plasmons but an evanescence wave
(EW) [5]. In an optical fiber without changes in the structure and geometry, EW has too low
a penetration depth for interaction with the external medium [6,7]. Hence, some changes
are necessary. Regarding the modification site on the optical fiber, probes can be divided
into side surface modified and forehead modified [8]. Among the side adjustments, there
are few manufacturing methods: etching [9] or polishing [10] D-shape fiber formation
or heterocore [11], bending (u-bent) [12], cavity [13], and tapering [14]. The forehead
modification can be distinguished by tips, especially mirrors [15], angle polishing [15], tip
tapering [16], and LRPR tip [17]. Based on recent computer simulations covering MOF holes
can improve the properties of SPR optical fiber probes [18,19]. All these changes lead to the
enhancement of the EW wave vector and have a direct influence on the dynamic range of
the sensor, its sensitivity, and its accuracy. The degree of coupling between plasmons and
EW highly depends on wavelength, metal layer thickness, as well as on the type of optical
fiber [20].
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Plasmonic materials can be deposited on the optical fiber probe surface using different
physical and chemical methods. The physical ones (e.g., thermal vapor deposition, sputter-
ing) are mostly characterized by directional deposition of materials, and the formed layers
are asymmetric. To obtain even layers around cylindrical surfaces, rotating special units
are needed. Therefore, chemical methods, including chemical vapor deposition [21] and
currentless [18] deposition are better solutions allowing coverage of cylindrical surfaces,
including inside PCF holes [18,22].

In the case of SPR probes manufacturing, three types of coverage can be highlighted
as asymmetric: one-sided and symmetric: two-sided (thicker cover on the upper and
bottom; thinner cover on the sides) and cylindrical (uniform thickness around the surface).
Both covers: one-sided and two-sided, increase the dynamic range of the sensor and
simultaneously can contribute to the widening of resonant dips [23]. Better results are
obtained for cylindrical covers [24]. The SPR effect is achieved in metals because they are
characterized by the complex dielectric constant εm, which can be expressed as εm ≡ εr + iεi
(where εr is the real part related to reflection and εi is the imaginary part of the dielectric
constant related to losses). SPR spectrum is very sensitive to both parts; hence, the width
and depth are related to the ratio of εr/εi [25]. As this ratio increases, the narrower and
deeper the resonant dip [26]. Due to low chemical reactivity, noble metals like Au, Ag,
Pd, or Pt are mostly used for coating purposes [27,28]. Recently, the additional layers,
such as oxides TiO2, ZnO, ITO, In2O3, Ta2O5, and graphene, are gaining more and more
popularity [29,30]. This is because these materials enhance sensitivity and accuracy, and
provide long-term stability, as well [31,32].

This paper presents an SPR probe using a tapered optical fiber (TOF) covered with
bimetallic layers Au–Ag and Ag–Au. Tapers, due to their characteristic geometry and
optical properties, allow the construction of hybrid structures using liquid crystal (LC) as
a sensing medium, whose range of effective refractive index (RI) can be controlled by an
electric field, temperature, or magnetic field. The created system contains two electrodes
permanently connected to a liquid crystal cell (LCC). Inside this cell, a tapered fiber and LC
are placed. If the LCC is thin enough, it is possible to steer the arrangement of LC molecules
by using an electric field. Consequently, sensing of changes in the external environment is
obtained by changes in the effective RI inside the medium, as was proved in the previous
papers [14,33]. The resonant dips occur when no electric field is applied. The application of
an additional current source causes changes in the effective RI and boundary conditions of
the propagated light inside the taper; hence, resonant dip shifts are observed. This research
is an extension of the previous works about the influence of monometallic layers: gold and
silver. As it was observed, LCC, which consisted of only a single metal cover, had several
disadvantages from a sensory point of view, e.g., wide resonant dips, high intermodal
interference, and low SNR. Based on the literature, the combination of these two noble
metals should improve some of these issues; thus, it was decided to combine them into
two bimetallic films: Au/Ag and Ag/Au [26,34]. The novelty is based on the covers used,
created from these metals, and the order in which they are deposited on the tapered fiber
surface. In the present work, the comparison of the received resonant dips and results
obtained for LCC with gold is provided. Moreover, this paper contains the summation of
all the results obtained so far.

2. Materials and Methods

For the purpose of this work, the tapers were manufactured using a single-mode
optical fiber for a telecommunication range. The manufacturing system FOTET (Fiber Optic
Taper Element Technology) is a dedicated device for manufacturing tapered optical fiber
by the flame brush method, using a low pressure burning powered by a propane-butane-
oxygen gas mixture. System FOTET is controlled by computer software which allows
the selection of the appropriate parameters of elongation, e.g., length and diameter of the
manufactured taper. The full process description is included in our previous work [33].
The formed LCC contains a tapered optical fiber with a tapered waist area of approx.
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5 mm. The obtained optical fiber tapers were characterized by the following parameters:
length l = 20.0 ± 0 4 mm with a diameter of the tapered area ϕ = 15 µm and attenuation
below α = 0.3 dB at 1550 nm for single-mode fiber. TOF parameters were experimentally
selected to obtain thin LCCs and reduce the applied LC steering voltage, as well as the
highest sensitivity and influence of the deposited films. The thickness of the created
LCC is maintained by spacers with a diameter, d = 40 µm. The bimetallic layers, Ag/Au
and Au/Ag, were deposited on the surface of the TOF in a two-stage sputtering process.
Regarding the type of cover, the inner film was gold or silver. The thickness of the deposited
bimetallic layers was considered from the existing literature [35] for gold layers and [36,37]
for silver layers. Based on the previous works, the total thickness of the bimetallic layers
was estimated as h = 10 nm, and the contribution of the individual metals was 50% because
the probes that the multilayer covers work better with thinner silver layers [38]. Sputtering
was provided by using an EM SCD500 (Leica, Wetzlar, Germany) sputtering coater. The
pressure inside the chamber was over 10−2 mbar and the thickness of the deposited layer
was continuously measured by using QCM. Figure 1 presents the scheme of the LCC with
the TOF.
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Figure 1. Scheme of the LCC probe with the bimetallic cover.

3. Results and Discussion

Manufactured liquid crystal cells were examined using a measuring system that con-
tained supercontinuum broadband light source SuperK EXTREME (NKT Photonics, Birkerød,
Denmark), which operates at the wavelength range of VIS-NIR (400–2400 nm) and an OSA
AQ6373B optical spectrum analyzer (Yokogawa, Tokyo, Japan) with a detection range of
350–1200 nm, in addition, to a DG1022Z function generator (RIGOL, Beijing, China) together
with the amplifier. The last part of the system is responsible for controlling liquid crystal
molecules inside the cell by generating an electric field. Figure 2 (below) presents the mea-
surement system used, which is divided into two sections: Spectrum Analyzer System with
SC and OSA and Electric Field Steering System with a function generator and amplifier.
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3.1. TOFs Covered with Bimetallic Au/Ag Film

Measurements were carried out at room temperature for three types of LC cells:
orthogonal (⊥), parallel (‖), and twist (⊥/‖). Such types of LCs are formed through the
appropriate arrangement of the transparent electrodes (with the rubbed surface) with
respect to each other and the taper axis. The voltage range used to switch LC equaled U
from 0 to 200 V without (w/o) amplitude modulation (AM) and with a 100% AM depth at
a frequency of fmod = 5 Hz. Such voltage allows reorienting the entire volume of LC inside
the LCC. Figure 3 presents transmission spectra through the LCC with TOF covered with a
bimetallic Au/Ag layer for the wavelength range λ: 550–1200 nm. The chosen wavelength
range has to do with the transmission properties of TOF, especially the penetration depth of
the beam and resulting losses. In all pictures, the reference measurement performed for TOF
w/o a metallic layer is characterized by the lowest attenuation (the highest transmission)
and is marked in yellow. The blue color corresponds to the transmission in a TOF covered
with a metallic layer measured in the air (w/o LC inside the cell). The lowest transmission
(green) is the noise level in OSA. Figure 3a–c presents the results obtained without AM and
Figure 3d–f presents the dynamic response obtained for AM fmod = 5 Hz.

Based on the data obtained for TOF w/o metallic film measured in air, and TOF with
the cover (also in the air), it can be observed that the bimetallic cover of Au/Ag causes
attenuation with a value similar to the silver layers [39]. As before, the main dips (A) are
shifted from the peaks obtained for single metallic layers and are equal to λ⊥res = 803.6 nm,
λ
‖
res = 926.4 nm, and λ

⊥/‖
res = 968.4 nm for orthogonal, parallel, and twist, respectively. In

all cases, but most visible for the orthogonal cell, the secondary dip (B) appears for a
shorter wavelength (λ⊥res B = 819 nm) and close to the resonant dip. It can be found that
the primary peak is sharper than the additional peak. As the electric field increases from
0 to 40 V, the additional peak becomes slightly deeper, and the primary peak becomes
shallower. This may indicate the presence of strong coupling. Moreover, increasing the
applied voltage causes a decrease in the coupling energy and weakens the SPR effect [40].
This phenomenon can be observed when the energy transfer rate between light and exciton
is faster than their average dissipation. It results in the periodic character of the energy
exchange and causes the formation of additional dips [41]. Moreover, as the electric field
control increases, the transmission in the cell increases, as well. However, in the case of
a parallel and twisted cell, this relation is more visible for longer wavelengths. As can be
noticed for a bimetallic film, the orthogonal cell is characterized by the highest power level.
In the dynamic response graphs (Figure 3d–f), it can be observed that on/off switching of
the cell does not occur in the full wavelength range, and spectra obtained for U = 200 V
with AM fmod = 5 Hz are narrower relative to the changes in power levels between U = 200
and U = 0 V w/o AM. The possible explanation of this phenomenon is the relatively long
response time of the LC used due to its low dielectric anisotropy [42].
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Based on the obtained transmission spectra, absorption plots, along with resonant
resolutions δλres for all LC cells, were determined. Figure 4 presents the obtained results.
The average noise power level of −75 dBm was taken as 100% absorption. As can be
noticed, the highest absorption peaks occur for twisted and parallel cells and are equal to
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100% and 90%, respectively. In the case of the orthogonal cell, the absorption is the lowest
and is approximately 60%. High power fluctuations are visible on the presented relations,
but they are slightly lower than in the case of the single metal cover [14,39]. This is probably
due to the deposition of a thinner metallic film, in particular the silver one (hAg ~ 5 nm). As
can be observed, the peaks obtained for the twisted cell are the most “deformed” and are at
the limit of detection and noise level.
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Figure 4. Absorption peaks obtained for (a) orthogonal, (b) parallel, and (c) twisted cells. The solid
lines are the fitting curves obtained for absorption plots.

Because of high intermodal interference, the resonant resolutions have been approxi-
mated. For the orthogonal cell, the δλres = 2.0 nm was obtained for U in the range from 0 to
20 V, and this value is similar to the results obtained for pure gold and pure silver films:
δλAu

res = 2.35 nm and δλ
Ag
res = 2.6 nm [14,39]. In the case of the parallel cell, the resonant

resolution was calculated for U: 0–40 V and amounts to δλres = 0.5 nm. This value is close to
the resolution obtained for the silver cover, δλ

Ag
res = 0.4 nm. As was mentioned before, for

the twisted cell, the peaks are highly approximated, as well as the established parameter
δλres = 4.2 nm, as well.

3.2. TOFs Covered with Bimetallic Ag/Au Film

The second configuration is a combination of Ag/Au layers; all deposition parameters
were the same as in the previous case. Total thickness was equal to h = 10 nm with a
layer thickness of 50% Ag and 50% Au. Figure 5 presents the results obtained for the
wavelength range of 550–1200 nm. As can be observed in the figure, for measurement
in air, the attenuation caused by a bimetallic Ag/Au film is almost the same as for an
Au/Ag film and is approximately −10 dBm. The main difference between the obtained
transmissions for Ag/Au and Au/Ag is the shape of the spectra, where the lowest power
level is observed in the NIR region. This is caused by the silver layer, which is the first
one on the TOF side and absorbs part of the light beam. Such a trend is also observed in
the cell with pure silver layer covers [39]. Graphs in Figure 5a–c present spectra for the
steering voltage U: 0–200 V w/o AM and in Figure 5d–f for 100% AM with fmod = 5 Hz. An
additional difference between both bimetallic covers is that for the Ag/Au film, the dips
are obtained only for two LC cell types: orthogonal and parallel. For twist resonant peak
was not observed.



Sensors 2022, 22, 7192 7 of 14

Sensors 2022, 22, x FOR PEER REVIEW  7  of  14 
 

 

between both bimetallic covers is that for the Ag/Au film, the dips are obtained only for 

two LC cell types: orthogonal and parallel. For twist resonant peak was not observed.   

(a)  (d) 

   

(b)  (e) 

   

(c)  (f) 

   

Steering voltage U [V]:   

● 0; ● 20; ● 40; ● 60; ● 80; ● 100; ● 120;   

● 140; ● 160; ● 180; ● 200. 

Steering voltage U [V]: 

● 0 (w/o AM); ● 200 (w/o AM);   

● 200 (fmod = 5 Hz) 

Figure 5. Spectra obtained for TOF with bimetallic Ag/Au layer coating for: (a) orthogonal; (b) 

parallel; (c) twisted cell under voltage U: 0–200 V w/o AM, and dynamic response of: (d) orthogo‐

nal; (e) parallel; (f) twist cell with fmod = 5 Hz with 100% AM. 

A 

B 

Figure 5. Spectra obtained for TOF with bimetallic Ag/Au layer coating for: (a) orthogonal;
(b) parallel; (c) twisted cell under voltage U: 0–200 V w/o AM, and dynamic response of: (d)
orthogonal; (e) parallel; (f) twist cell with fmod = 5 Hz with 100% AM.

Their resonant wavelengths are equal to λ⊥res = 886.3 nm and λ
‖
res =996.4 nm, respec-

tively, and they are moved by approximately 214.1 nm relative to the dips obtained for LCC
with pure gold and 155 nm relative to the dips obtained for LCC with pure silver. Based on
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these shifts, a possible dip for the twisted cell could occur at 1050 nm, where the power
reduction is observed, however, without the formation of a peak. For this metallic cover, as
in the former case, the additional dips occur when the electric field is not applied. It should
be noted that the difference between the main and the shallower dip is similar to that of the
orthogonal cells with Au/Ag and is approximately 67 nm.

Among all LC types, the twisted cell is characterized by the highest transmission;
however, its dynamic response is very narrow and differences in power levels between
on/off states are negligible at the visible wavelength range. The other two LC cells have a
similar dynamic response range and transmission for shorter wavelengths, but it changes
in the NIR/IR region, and the orthogonal cell indicates significantly higher losses. Based
on these spectra, the absorption plots were calculated and presented in Figure 6.
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Figure 6. Absorption plots were obtained for (a) orthogonal and (b) parallel cells. The solid lines
(black, blue, green, and purple) are the fitting curves obtained for the absorption plots.

As can be noticed, high fluctuations occur; hence, the estimation of δλres was difficult.
In the case of the orthogonal cell, this parameter was not determined and for the parallel
cell, it was estimated to be δλ

‖
res = 1.8 nm. This is the highest value of δλres obtained for

parallel cells among all metallic covers used.
The above results were used to estimate the differences in the obtained resonant dips.

Table 1 presents the previously obtained resonant dips for LC cells with the gold layer and
these data were used to compare dips obtained for bimetallic covers. The following pa-
rameters were considered first: λ

(0V)
res —resonant wavelength (for U = 0 V); λ

(0V)
0.5 —resonant

dip width measured at 0.5 peak height, quality factor Q (is a ratio of λ
(0V)
res and λ

(0V)
0.5 ), and

the SNR. Moreover, the additional factors were estimated: ∆λx−Au
res —resonant dip shift

between the peak of the chosen bimetallic layer (where x = Au/Ag or Ag/Au) and Au, as
well as ∆λx−Au

0.5 —peak width difference between x and Au was calculated. As before, for
orthogonal and twisted cells, the dips obtained without applied electric field (U = 0 V) are
compared, and for parallel cells, the peaks obtained for U = 0 V and U = 200 V are taken into
consideration. Thus, an additional parameter such as ∆λ

(0−200 V)
res —the difference between

peaks obtained for 0 and 200 V—and dλ
(0−200V)
0.5 —the difference in width of peaks obtained

for 0 and 200 V—were estimated. The results in Tables 2 and 3 present a comparison of
resonant dips of orthogonal, twisted, and parallel cells compared to the dips obtained for
cells with gold films.
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Table 1. Resonant dips obtained for LC cells with the gold monolayers [14].

LCC λ (0V)
res λ(200V)

res dλ(0−200V)
res λ(0V)

0.5 λ(200V)
0.5 dλ(200−0V)

0.5 Q(U=0V) Q(U=200V) SNR

Orthogonal 665.8 nm - - 64.3 nm - - 10 - 0.036
Twist 831.4 nm - - 47.6 nm - - 17 - 0.076

Parallel 786.0 nm 749.7 nm 36.3 28.9 nm 31.9 nm 3 nm 27 23 - *

* Parameter could not be estimated because of high intermodal interference.

Table 2. Comparison of resonant dips of orthogonal and twisted cells compared to the dips obtained
for cells with gold films.

Orthogonal Cell Twisted Cell

Au/Ag Ag/Au Au/Ag Ag/Au

λ
(0V)
res 803.6 nm 883.6 nm 968.4 nm -

∆λx−Au
res 137.8 nm 217.8 nm 137.0 nm -

λ
(0V)
0.5

24.6 nm 18.4 nm 44.4 nm -

∆λx−Au ∗
0.5 −39.7 nm→−61.7% −45.9 nm→−71.4% 3.2 nm→−6.7% -

R
es
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ip
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Comparing results (obtained only for U = 0 V) from Tables 2 and 3, it can be observed
that the resonant peaks obtained for probes with Au/Ag and Ag/Au layers have shifted
approximately about 138 nm and slightly above 214 nm, respectively. In the case of the
parallel cells, the additional parameter dλ

(0−200V)
res shows that for both cases, dλ

(0−200V)
res (Au−Ag)

and dλ
(0−200V)
res (Ag−Au), the difference between their peaks λ(0 V) and λ(200 V) is similar and is

equal to approximately 37 nm.
Moreover, the distances between the peaks are comparable with those obtained for

monometallic layers. The subsequent parameter under consideration is a peak width. In
the case of probes with an Au/Ag layer, the width of the orthogonal and parallel cell is
almost the same and equals 24 m. As before, for both covers, the width of resonant peaks
measured at 0.5 height decreases for dips obtained without an applied electric field. Only
in one case is the widening of dip observed—for a parallel cell with an Ag/Au layer at
U = 200 V. The maximum reduction was obtained for the orthogonal cell covered with
Ag/Au and amounted to 71.4%. What is interesting is the calculated difference, dλ

(200−0V)
0.5 ,

for the parallel cell shows that an increase in the electric field also causes an increase in the
peak width. For both cases, the enlargement amounted to approximately 6 nm. Regarding
the SNR, this is the last parameter to be compared, and it was estimated using data from
Figures 4 and 6 and Tables 2 and 3. For all LCC types with Au/Ag film, the SNR value was
higher than for LCC with gold films; however, for LCC with Ag/Au, it was only possible
to estimate SNR for the parallel cell.
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Table 3. Comparison of resonant dips of a parallel cell.

Parallel Cell

Au/Ag Ag/Au

λ
(0V)
res

λ
(200V)
res

dλ(0−200V)
res

926.4 nm
890.0 nm
36.4 nm

996.0 nm
957.8 nm
38.5 nm

∆λx−Au (0V)
res

∆λx−Au (200V)
res

140.4 nm
140.3 nm

210.0 nm
208.1 nm

λ
(0V)
0.5

λ
(200V)
0.5

dλ(200−0V)
0.5

24.0 nm
30.0 nm

6 nm

27.1 nm
33.6 nm
6.5 nm

∆λ
x−Au (0V) ∗
0.5

∆λ
x−Au (200V) ∗
0.5

−4.9 nm→−16.9%
−1.9 nm→−5.9%

−1.9 nm→−6.6%
+1.7 nm→ +5.3%

Resonant dips **
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To compare the obtained resonant dips with the previous ones, Figure 7 summarizes
all previous results for mono- and bimetallic covers without an applied electric field. The
LCC responses for the individual metal cover are divided according to the LC cell type:
orthogonal, parallel, and twist. First, it can be noticed that the twisted cell has the highest
transmission among all LCC types regardless of the metallic film type. Based on the
resonant wavelength location, it is likely that this LC cell has the highest effective RI among
other cell types. The LC used, named 3092A, is a mixture of four substrates, and one of
the components, whose concentration in the solution is 30%, is characterized by a negative
dielectric anisotropy. Furthermore, this mixture does not consist of any cyano-compound,
due to which the ordinary RI is very low, lower than the RI of the fiber.

The LC mixture contains only carbonates which causes the decrease in both crossing
point temperature and RI. This makes it possible to obtain the SPR effect; however, it has
been proved that a solution with an RI similar to the RI of the fiber cause intermodal
interference to occur. Additionally, the lack of cyan compounds results in longer switching
on/off times. SPR probes using gold or silver covers provide the resonant wavelengths in
the visible wavelength range; hence, all peaks which appear at the limit of detection between
the visible and the NIR region are highly deformed and indistinct. Based on the previous
results from [14,39], the average shifts of the resonant dips were calculated. Differences
were estimated with respect to the position of resonant peaks obtained for gold films, and
it is the average value from all LC cell types for the selected cover. Additionally, only
measurements without an electric field were under consideration. The estimated values are
as follows: ∆λ

Ag
res = 56.4 nm; ∆λ

Au/Ag
res = 138.4 nm; ∆λ

Ag/Au
res = 214.4 nm. As for the width

of resonance dips, the widest peaks are obtained for cells with gold films, and the highest
value was obtained for LCC ⊥Au, which equaled ∆λAu

0.5 = 64.3 nm. The deposition of silver
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layers contributes to reducing the width of these dips. In the case of the orthogonal and
parallel cells, the reduction was at least 50% in width for LCC with Au cover. However, the
highest value was obtained for LCC ⊥Ag/Au, with a reduction of 71.4%.
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The last parameters compared are SNR and absorption. Regarding the SNR, the best
results were achieved for twisted and orthogonal cells covered with the Ag layer and were
0.336 and 0.110, respectively. Other results do not exceed the value of 0.100. These probes
are characterized by high light absorption, and except for three cases (Au: ⊥ and ⊥/‖, and
Au/Ag⊥ cells), the value reaches 90% and more. It should be mentioned that high absorption
peaks can be caused not only by meeting the resonant conditions but also by the absorption of
some of the optical power by deposited covers. As can be observed, the general power levels
in most LC cells are rather low and highly dependent on the wavelength.

In the case of all parallel LC cells and two additional parameters, dλ
(0−200V)
res and

dλ
(200−0V)
0.5 , it can be observed that the average distance between dips obtained for 0 and

200 V equals 37.4 nm; however, in the case of cells where Au is the mono cover or is the
inner layer, this distance is lower than in the opposite case (with Ag mono- and inner
layers). Moreover, the application of an external electric field narrows the width of the dip.
The highest reduction is observed for bimetallic covers, where it was approximately 6 nm.
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4. Conclusions

The performed research on the influence of depositing thin bimetallic layers on the
tapered and confined optical fiber surface inside an LC cell allowed for the following
conclusions to be drawn:

1. Resonant peaks obtained for Au/Ag cover are shifted by approx. 138 nm and 214 nm
for Ag/Au compared to the peaks obtained for gold layers. Additionally, no resonant
peak is observed in the case of the twisted cell covered with Ag/Au.

2. For both bimetallic covers, the highest reduction in the peak width occurs for orthogo-
nal cells. For parallel cells covered with Ag/Au film, as an electric field increases, the
dip width also increases.

3. Regarding the SNR, it is difficult to find any relation between value of the SNR and
the LCC type or cover, but the highest values of the SNR were obtained for orthogonal
and twisted Au/Ag cells, while for Ag/Au, these parameters could not be estimated.
The SNR of the parallel cell with Ag/Au is three times higher than the same type of
cell with the Ag/Au layer.

4. The level of absorption peak in each case is very high and, excluding the results
obtained for the orthogonal cell covered with Au/Ag, reaches at least 90%.

Regarding all performed measurements for films: Au, Ag, Au/Ag, and Ag/Au, it
can be concluded that the resonant wavelength highly depends on the metal that directly
interacts with the light beam. The LCC where the silver films were used as an inner layer
resulted in a larger shift in the dips compared to the gold layers. Moreover, these cells, in
most cases, are characterized by narrower resonant dips and higher values of the SNR. As
can be observed, the type of LCC influences power transmission. It can be stated that the
twisted cells are characterized by the lowest attenuation among all probes.

This paper shows that only some of the measured parameters of the constructed system
improved over the LCC covered with gold. Moreover, it was not possible to eliminate
problems and add effects such as intermodal interference. The probes still require further
investigation to use these structures in real applications. It is possible that additional layers
like graphene, metal oxides, or other optical fibers would allow increasing the difference in
the RI between the fiber and LC, potentially improving the results.
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7. Stasiewicz, K.A.; Moś, J.E. Influence of a thin metal layer on a beam propagation in a biconical optical fibre taper. Opto-Electron.

Rev. 2016, 24, 196–208. [CrossRef]

http://doi.org/10.1109/JLT.0082.921915
http://doi.org/10.1016/0924-4247(90)87104-Q
http://doi.org/10.3390/s20102889
http://doi.org/10.1515/zna-1968-1247
http://doi.org/10.1016/j.snr.2020.100018
http://doi.org/10.1515/oere-2016-0027


Sensors 2022, 22, 7192 13 of 14

8. Melo, A.A.; Santiago, M.F.; Silva, T.B.; Moreira, C.S.; Cruz, R.M. Investigation of a D-Shaped Optical Fiber Sensor with Graphene
Overlay. IFAC-PapersOnLine 2018, 5, 309–314. [CrossRef]

9. Hernaez, M.; Zamarreno, C.; Matias, I.; Arregui, F. Optical fiber humidity sensor based on surface plasmon resonance in the
infra-red region. J. Phys. Conf. Ser. 2009, 178, 012019. [CrossRef]

10. Ahn, J.; Seong, T.; Kim, W.; Lee, T.; Kim, I.; Lee, K.S. Fiber-optic waveguide coupled surface plasmon resonance sensor. Opt.
Express 2012, 20, 21729–21738. [CrossRef]

11. Takagi, K.; Watanabe, K. Near Infrared Characterization of Hetero-Core Optical Fiber SPR Sensors Coated with Ta2O5 Film and
Their Applications. Sensors 2012, 12, 2208–2218. [CrossRef] [PubMed]

12. Kulchin, Y.; Vitrik, O.; Dyshlyuk, A. Analysis of surface plasmon resonance in bent single-mode waveguides with metal-coated
cladding by eigenmode expansion method. Opt. Express 2014, 22, 22196–22201. [CrossRef]

13. Singh, L.; Kumar, G.; Jain, S.; Kaushik, B. A novel plus shaped cavity based optical fiber sensor for the detection of Escherichia-Coli.
Results Opt. 2021, 5, 100156. [CrossRef]

14. Korec, J.; Stasiewicz, K.A.; Garbat, K.; Jaroszewicz, L.R. SPR Effect Controlled by an Electric Field in a Tapered Optical Fiber
Surrounded by a Low Refractive Index Nematic Liquid Crystal. Materials 2020, 13, 4942. [CrossRef]

15. Kim, Y.; Peng, W.; Banerji, S.; Booksh, K. Tapered fiber optic surface plasmon resonance sensor for analyses of vapor and liquid
phases. Opt. Lett. 2005, 30, 2218–2220. [CrossRef] [PubMed]

16. Shan, B.H.; Kong, L.X.; Wu, K.J.; Wu, K.J.; Ou, S.F.; He, P.F.; Jin, G.; Li, Z.; Zhang, Y.S. High sensitivity and ultra compact fiber-optic
microtip SPR thermometer coated with Ag/PDMS bilayer film. Opt. Fiber Technol. 2021, 65, 102619. [CrossRef]

17. Liu, Z.; Wei, Y.; Zhang, Y.; Zhao, E.; Yang, J.; Yuan, L. Twin-core fiber SPR sensor. Opt. Lett. 2015, 40, 2826–2829. [CrossRef]
18. Boehm, J.; François, A.; Ebendorff-Heidepriem, H.; Monro, T. Chemical Deposition of Silver for the Fabrication of Surface Plasmon

Microstructured Optical Fibre Sensors. Plasmonics 2011, 6, 133–136. [CrossRef]
19. Liu, B.; Jiang, Y.; Zhu, X.; Tang, X.; Shi, Y. Hollow fiber surface plasmon resonance sensor for the detection of liquid with high

refractive index. Opt. Express 2013, 21, 32349–32357. [CrossRef] [PubMed]
20. Jorgenson, R.; Yee, S. A fiber-optic chemical sensor based on surface plasmon resonance. Sens. Actuators B Chem. 1993, 12, 213–220.

[CrossRef]
21. Hassani, A.; Skorobogatiy, M. Design criteria for microstructured-optical-fiber-based surface-plasmon-resonance sensors. J. Opt.

Soc. Am. B Opt. Phys. 2007, 24, 1423–1429. [CrossRef]
22. Francois, A.; Boehm, J.; Oh, S.; Kok, T.; Monro, T. Collection mode surface plasmon fibre sensors: A new biosensing platform.

Biosens. Bioelectron. 2011, 26, 3154–3159. [CrossRef]
23. Monzon-Hernandez, D.; Villatoro, J.; Talavera, D.; Luna-Moreno, D. Optical-Fiber Surface-Plasmon Resonance Sensor with

Multiple Resonance Peaks. Appl. Opt. 2004, 43, 1216–1220. [CrossRef] [PubMed]
24. Klantsataya, E.; Jia, P.; Ebendorff-Heidepriem, H.; Monro, T.M.; François, A. Plasmonic Fiber Optic Refractometric Sensors: From

Conventional Architectures to Recent Design Trends. Sensors 2017, 17, 12. [CrossRef] [PubMed]
25. Popescu, A.; Baschir, L.; Savastru, D.; Stafe, M.; Vasile, G.; Miclos, S.; Negutu, C.; Mihaliesku, M.; Puscas, N. Analytical

considerations and numerical simulations for surface plasmon resonance in four layers plasmonic structures which contain high
refractive index waveguide. UPB. Sci. Bull. Series A 2015, 77, 233–244.

26. Gupta, B.D. Chapter 4 Surface Plasmon Resonance Based Fiber Optic Sensors. In Reviews in Plasmonics; Springer:
Berlin/Heidelberg, Germany, 2010. [CrossRef]

27. Wang, A.X.; Kong, X. Review of Recent Progress of Plasmonic Materials and Nano-Structures for Surface-Enhanced Raman
Scattering. Materials 2015, 8, 3024–3052. [CrossRef] [PubMed]

28. Vasimalla, Y.; Singh, L. Design and Analysis of Planar Waveguide-Based SPR Sensor for Formalin Detection Using Ag-Chloride-BP
Structure. IEEE Trans. Nanobiosci. 2022, 2010, 1. [CrossRef] [PubMed]

29. Rani, M.; Sharma, N.K.; Salaj, V. Surface plasmon resonance based fiber optic sensor utilizing indium oxide. Optik 2013, 124,
5034–5038. [CrossRef]

30. Hosoki, A.; Nishiyama, M.; Igawa, H.; Seki, A.; Watanabe, K.A. Hydrogen curing effect on surface plasmon resonance fiber optic
hydrogen sensors using an annealed Au/Ta2O5/Pd multi-layers film. Opt. Express 2014, 22, 18556–18563. [CrossRef] [PubMed]

31. Singh, S.; Mishra, S.K.; Gupta, B.D. Sensitivity enhancement of a surface plasmon resonance based fibre optic refractive index
sensor utilizing an additional layer of oxides. Sens. Actuators A Phys. 2013, 193, 136–140. [CrossRef]

32. Zhu, S.; Pang, F.; Huang, S.; Zou, F.; Dong, Y.; Wang, T. High sensitivity refractive index sensor based on adiabatic tapered optical
fiber deposited with nanofilm by ALD. Opt. Express 2015, 23, 13880–13888. [CrossRef]

33. Korec, J.; Stasiewicz, K.A.; Garbat, K.; Jaroszewicz, L.R. Enhancement of the SPR Effect in an Optical Fiber Device Utilizing a Thin
Ag Layer and a 3092A Liquid Crystal Mixture. Molecules 2021, 26, 7553. [CrossRef] [PubMed]

34. Sharma, A.K.; Gupta, B.D. On the performance of different bimetallic combinations in surface plasmon resonance. J. Appl. Phys.
2007, 101, 093111-7. [CrossRef]

35. Costa, K.Q.; Dimitriev, V.A.; Del Rosso, T.; Pandoli, O.G.; Aucelio, R.Q. Analysis of surface plasmon resonance sensor coupled to
periodic array of gold nanoparticles. In Proceedings of the 2015 SBMO/IEEE MTT-S International Microwave and Optoelectronics
Conference, Porto de Galinhas, Brazil, 3–6 November 2015. [CrossRef]

36. Lee, G.J.; Lee, Y.; Jung, B.; Jung, J.; Hwangbo, C.K.; Kim, J.; Yoon, C. Microstructural and Nonlinear Optical Properties of Thin
Silver Films Near the Optical Percolation Threshold. J. Korean Phys. Soc. 2007, 51, 1555–1559. [CrossRef]

http://doi.org/10.1016/j.ifacol.2018.11.623
http://doi.org/10.1088/1742-6596/178/1/012019
http://doi.org/10.1364/OE.20.021729
http://doi.org/10.3390/s120202208
http://www.ncbi.nlm.nih.gov/pubmed/22438760
http://doi.org/10.1364/OE.22.022196
http://doi.org/10.1016/j.rio.2021.100156
http://doi.org/10.3390/ma13214942
http://doi.org/10.1364/OL.30.002218
http://www.ncbi.nlm.nih.gov/pubmed/16190423
http://doi.org/10.1016/j.yofte.2021.102619
http://doi.org/10.1364/OL.40.002826
http://doi.org/10.1007/s11468-010-9178-z
http://doi.org/10.1364/OE.21.032349
http://www.ncbi.nlm.nih.gov/pubmed/24514827
http://doi.org/10.1016/0925-4005(93)80021-3
http://doi.org/10.1364/JOSAB.24.001423
http://doi.org/10.1016/j.bios.2010.12.018
http://doi.org/10.1364/AO.43.001216
http://www.ncbi.nlm.nih.gov/pubmed/15008522
http://doi.org/10.3390/s17010012
http://www.ncbi.nlm.nih.gov/pubmed/28025532
http://doi.org/10.1007/978-1-4614-0884-0_4
http://doi.org/10.3390/ma8063024
http://www.ncbi.nlm.nih.gov/pubmed/26900428
http://doi.org/10.1109/TNB.2022.3191971
http://www.ncbi.nlm.nih.gov/pubmed/35853045
http://doi.org/10.1016/j.ijleo.2013.03.036
http://doi.org/10.1364/OE.22.018556
http://www.ncbi.nlm.nih.gov/pubmed/25089475
http://doi.org/10.1016/j.sna.2013.01.012
http://doi.org/10.1364/OE.23.013880
http://doi.org/10.3390/molecules26247553
http://www.ncbi.nlm.nih.gov/pubmed/34946626
http://doi.org/10.1063/1.2721779
http://doi.org/10.1109/IMOC.2015.7369093
http://doi.org/10.3938/jkps.51.1555


Sensors 2022, 22, 7192 14 of 14

37. Kong, L.; Lv, J.; Gu, Q.; Ying, Y.; Jiang, X.; Si, G. Sensitivity-Enhanced SPR Sensor Based on Graphene and Subwavelength Silver
Gratings. Nanomaterials 2020, 10, 2125. [CrossRef]

38. Wang, Y.; Meng, S.; Liang, Y.; Li, L.; Peng, W. Fiber-Optic Surface Plasmon Resonance Sensor with Multi-Alternating Metal Layers
for Biological Measurement. Photonic Sens. 2013, 3, 202–207. [CrossRef]

39. Korec, J.; Stasiewicz, K.A.; Strzezysz, O.; Kula, P.; Jaroszewicz, L.R. Electro-Steering Tapered Fiber-Optic Device with Liquid
Crystal Cladding. J. Sens. 2019, 2019, 1617685. [CrossRef]

40. Meng, X.; Li, J.; Guo, Y.; Li, S.; Wang, Y.; Bi, W.; Lu, H. An optical-fiber sensor with double loss peaks based on surface plasmon
resonance. Optic 2020, 216, 164938. [CrossRef]

41. Cao, E.; Lin, W.; Weihua, S.; Sun, M.; Liang, W. Exciton-plasmon coupling interactions: From principle to applications. Nanophotonics
2018, 7, 145–167. [CrossRef]
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